A compendium of carcinogenesis bioassay results organized by target organ is presented for 533 chemicals that are carcinogenic in at least one species. This compendium is based primarily on experiments in rats or mice; results in hamsters, nonhuman primates, and dogs are also reported. The compendium can be used to identify chemicals that induce tumors at particular sites, and to determine whether target sites are the same for chemicals positive in more than one species. The Carcinogenic Potency Database (CPDB), which includes results of 3969 experiments, is used in the analysis. The published CPDB includes details on each test, and literature references. Chemical carcinogens are reported for 35 different target organs in rats or mice. More than 80o of the carcinogens in each of these species are positive in at least one of the 8 most frequent target sites: liver, lung, mammary gland, stomach, vascular system, kidney, hematopoietic system, and urinary bladder. An analysis is presented of how well one can predict the carcinogenic response in mice from results in rats, or vice versa. Among chemicals tested in both species, 76% of rat carcinogens are positive in mice, and 71% of mouse carcinogens are positive in rats. Prediction is less accurate to the same target site: 52% of rat carcinogens are positive in the same site in mice, and 48% of mouse carcinogens are positive in the same site in rats. The liver is the most frequent site in common between rats and mice.
Introduction
For a variety of research purposes, a compendium of carcinogenesis bioassay results organized by target organ is useful. A single resource that lists all test agents shown to induce tumors in a given species at each site can facilitate investigations of particular site-specific carcinogens, as well as comparisons of results in different species. This paper presents such a resource document (Table 1) based on the results of chronic, longterm experiments reported in the Carcinogenic Potency Database (CPDB). Several analyses of patterns of target sites in rats and mice are also presented.
The CPDB, in addition to providing an index of carcinogenic potency (1) (2) (3) (4) , is an exhaustive source of information on many aspects of bioassay design and results for 3969 species and sex-specific experiments on 1052 chemicals. The CPDB has been published in plot format in four papers in Environmental Health Perspectives. Used in combination, the published plots of the CPDB and the compendium by target organ in Table  1 , together provide comprehensive detailed results on each experiment including tumor pathology and incidence rates, sex and strain tested, dose rates, shape of the dose-response curves, statistical significance of the slope of the dose-response curve, carcinogenic potency, author's opinion about carcinogenicity, and literature reference. As a resource, the compendium in this paper, organized by target organ, will be useful for a variety of research endeavors. For example, epidemiologists interested in a particular target tissue in humans may seek clues in animal models, and can use the compendium to obtain a list of substances found to induce tumors at the site of interest in rats, mice, hamsters, nonhuman primates, or dogs. Investigators interested in mechanism of carcinogenesis at a specific target site, or in chemical structure, can identify compounds that induce tumors at that target organ. As one feature of our summary table, we have indicated the carcinogens at each target site that have been tested in both rats and mice (by far the two most frequently used test animals), and that are positive in both versus only one of these species. Thus, comparative toxicologists can determine whether a chemical that is positive at a given site in the rat has been tested in the mouse and if so, whether it is positive in the mouse, and whether the target organ(s) is the same.
This paper also summarizes the number of chemicals that induce tumors at each site in rats and mnice, and compares the common tumor sites in the two species.
Many chemicals cause tumors at more than one site in a species (here termed "multiple-site carcinogens"), and we describe the frequency with which this occurs in rats and mice. In earlier work we examined the issue of extrapolation between species by assessing how well one can predict carcinogenicity from a rat to a mouse or from a mouse to a rat (5) . We showed that a variety of factors affect the accuracy of prediction including chemical class, mutagenicity, toxicity of the chemical (measured by the administered high dose), and target organ. In this paper we use additional results included in the published CPDB for the subset of chemicals tested in both rats and mice, to update data on the frequency with which chemical carcinogens induce tumors at the same site in rats and mice. In a separate paper we will discuss the issue of mutagenicity of the test agent and target organ (Gold et al., in preparation).
Methods
Our analyses are based on the CPDB, which includes results of chronic exposure animal bioassays that were published either in the general literature through 1986 or in Technical Reports ofthe National Cancer Institute/ National Toxicology Program (NCI/NTP) through June 1987 (1) (2) (3) (4) . All experiments in the CPDB meet a set of inclusion criteria that were designed to allow for estimation of carcinogenic potency; therefore, reasonable consistency in experimental protocols is assured. Experiments are included only if the test agent was administered alone rather than in combination with other substances; if the protocol included a control group, if the route of administration was either diet, water, gavage, inhalation, IV injection or IP injection; and if the length of the experiment in rodents was at least 1 year with dosing for at least 6 months. For the CPDB, evidence for carcinogenicity in an experiment is based on the evaluation of the published author; however, in addition, the statistical significance of the tumorigenic dose-response is calculated and reported for each tissue and tumor in the database (1) . Some test agents are excluded from the CPDB because the route of administration was not one of those defined above (for example, some polycyclic aromatic hydrocarbons and inorganic chemicals) and some because they are chemical mixtures, particulates, or industrial processes. Among the 241 chemicals, mixtures, and particulates that have been evaluated by the International Agency for Research on Cancer (IARC) as having sufficient evidence for carcinogenicity in experimental animals (6, 7) , the CPDB includes data on 64%.
In the analyses below, we classify a target organ as positive on the basis of the author's opinion in the published paper. Experiments evaluated as "inadequate" by NCI/NTP are excluded. In some cases authors do not clearly state their evaluation, and in some NCI/NTP Technical Reports the evidence for carcinogenicity at a site is considered only "associated" with compound administration or "equivocal"; in our analyses we consider these experiments as lacking positive evidence of carcinogenicity. For NTP reports, the evaluations of "clear" or "some evidence" of carcinogenicity are both classified as positive, as they are by NTP. We use the author's opinion to determine positivity for an experiment because, in addition to statistical significance, it often takes into account historical control rates for particular sites, poor survival, tumor latency, and/or dose response. Positive target sites for a chemical are identified across experiments in a species using all results for a chemical from both the general literature and NCI/ NTP bioassays. Hence, if a chemical has two target sites in a species, the results may represent two different experiments, although this occurs infrequently.
The compendium in Table 1 includes the 533 chemicals in the CPDB that are positive in at least one site in one test of one species, regardless of the number of tests in the database. In the CPDB, the number of experiments per chemical varies and some chemicals are more thoroughly tested than others. Among all chemicals in the CPDB, the percentages with one experiment, two experiments, and more than two experiments are 30%, 52%, and 18%, respectively, for rats and 12%, 56%, and 32%, respectively, for mice. The specific histopathology associated with each target site is not presented in this compendium but is reported in the published plots of the database using the nomenclature of the original author (1-4). The original reference of each experiment is listed under the chemical name on the right side of the plot of the CPDB and in the bibliography (1) (2) (3) (4) .
One feature of the CPDB is the inclusion of experiments with species other than rats and mice. Among the results reported in the compendium (Table 1) aCortical adenomas were induced by these chemicals.
bNasal cavity includes tissues of the nose, nasal turbinates, paranasal sinuses and trachea. If the author used the term "respiratory system" to define the above tissues without including lung and the bronchioles, it was included in this category.
cOral cavity includes tissues of the mouth, oropharynx, pharynx, and larynx. dlslet-cell adenomas were induced in females and acinar cell adenomas were induced in males.
ePeritoneal cavity includes mesotheliomas seen in either multiple organs, peritoneal cavity, peritoneum, abdominal cavity or abdomen.
fVascular tumors were induced only in liver.
indicating that it has been tested in both rats and mice and is positive in both species at some target site. Since chloroform is also listed under kidney for mice, both species have been shown to induce tumors at that site. In contrast 1,4-dichlorobenzene is listed under kidney for the rat with the same symbol t, indicating that it is positive in the mouse as well, but it is not listed under kidney for the mouse; therefore, kidney is not a target in the mouse. Another example under rat kidney is chlorothalonil which has the symbol t, indicating that it has been tested in both rats and mice, but is positive only in one of them: in this case, the rat. For azoxymethane, however, there is no superscript, indicating that it has not been tested in the mouse. When a chemical is listed with supersclipts, the information applies only to rats and mice. Sometimes the superscripts appear for a chemical listed under a different species; for example, under thyroid gland for hamsters, urethane is listed with the symbol t, indicating that the chemical is a carcinogen in both rats and mice, but the superscript does not apply to results in hamsters. In Table 1 under thyroid gland, urethane is not listed for either rats or mice, and therefore it is not a target organ for either species.
While Table 1 provides an exhaustive overview by target site of the CPDB, full details on each experiment are given in our published plots, including references to the published papers, results of negative tests, and the sex and strain in each test. The four plots of the CPDB analyze the results of published papers chronologically, and appear in Environmental Health Perspectives (1-4) . Experiments of a given chemical may appear in more than one plot, and the reader can locate all tests by referring to Appendix 14 in reference (4) . This appendix lists all 1052 chemicals that appear in any of the four plots, indicating which plot(s) contains results on each chemical; the appendix is ordered alphabetically by chemical name and common synonym. Thus, for any target organ of interest, using Table 1 in conjunction with the published plots of the CPDB will provide detailed information on each experiment (see "Introduction"). For example, the CPDB includes experiments of 96 mouse strains and 71 rat strains. A combined plot of the entire CPDB, that merges results from all four plots and is organized by chemical, can be obtained from the first author. A computer readable (SAS) database is also obtainable.
Based on Table 1 , the frequency of carcinogenic response by site in rats and mice is tabulated in Table 2 . Twenty-eight sites are identified as positive target organs in the mouse and 31 in the rat. In both species, the liver is the most common target site, and it is the predominant site in the mouse. The second most common sites are the mouse lung and the rat mammary gland. In the subset of NCI/NTP bioassays, which use an extensive and standardized pathology protocol, these same sites are the most frequent in each species, although the rat stomach is identified as frequently as the rat mammary gland. Chemical carcinogens thus induce tumors in a wide variety of target organs. As shown in Table 2 , each of eight sites is a target for at least 10% of the carcinogens in either rats or mice: liver, lung, mammary gland, stomach, vascular system, kidney, hematopoietic system, and urinary bladder. Table  2 where the summation of the percentages of chemicals that are positive in the various organs for each species is far greater than 100%. The liver is the most frequent target site in both species and the predominant site in the mouse (Tables  1 and 2 (5) . One would expect that prediction of positivity and target organ from rats to mice tested under similar conditions, would be at least as good, and likely much better than prediction from rats or mice to humans exposed at much lower doses. Table 3 reports the comparison of carcinogenic response in rats and mice for 427 chemicals tested in both species. Overall, prediction from rats to mice indicates (Table 4 ). The analysis is based on the 255 chemicals that have been tested in both species and are reported in Table 3 as positive, in either or both species (46 + 61 + 47 + 101). Table 4 is an update of work we published earlier for a smaller number of compounds (5), and reports a) the number of carcinogens at each of 10 frequent sites in rats or mice; for each site, we also give b) the number and proportion that are positive at some site in the second species, and c the number that are positive at the same site in both species. Most individual sites are good predictors of carcinogenicity at some site in the other species. The least accurate predictors are the urinary bladder in the rat (48%) and the liver in the mouse (65%). (Fig. 1) . These results are consistent with our earlier findings (5) .
Rats and mice are two closely related species that are studied under similar experimental conditions; in particular, both receive doses at or near the MTD for the species. In comparison, humans are less closely re- Table 4 . Predictive value of target sites in one species for carcinogenicity in a second species: rats and mice.
Chemicals tested in both rats and mice and evaluated as positive in at least one experiment. lated to rodents, and the levels of human exposure are usually orders of magnitude lower than the MTD. Thus, there may be qualitative as well as quantitative species differences between humans and either rats or mice. The practice of extrapolating rodent results to humans should be judged by the accuracy of extrapolation between rodent species, since the predictive value from a rodent species to humans would be expected to be lower than that between two rodent species at the MTD (5, 8) . We have shown above and previously (5) that it cannot be assumed that a chemical positive in rats will be positive at the same site in the mouse, or visa versa. Overall, knowing that a chemical is positive in one of the species predicts positivity at some site in the other species about 75% of the time. This result is similar to results reported earlier for smaller numbers of chemicals (5, (8) (9) (10) . The overall predictive values between rats and mice provide some confidence in interspecies extrapolation; however, since a high proportion of test chemicals are positive, by chance alone we would expect a positive predictive value between species of about 50% (5). Site-specific prediction between rats and mice is less accurate than overall prediction of positivity. Knowing that a chemical is positive at any site in one species gives about a 50% chance that it will be positive at the same site in the other species. Since many chemicals induce tumors at multiple sites, there is often more than one target site that is potentially a common site for the two species. Among the 101 chemicals with a site in common, 56 have a common site other than the liver.
In order to examine further the issue of similarity of target sites between species, we have also compared results for the limited number of compounds tested in hamsters and rats, or hamsters and mice. Prediction from rats to hamsters or from mice to hamsters is similar to, but slightly less accurate than, prediction between rats and mice. Overall, 64% (21/33) of rat carcinogens are positive in hamsters, and 61% (17/28) of mouse carcinogens are positive in hamsters. Knowing that a chemical is positive at a specific site in the rat gives a 45% chance that it will be positive in the same site in the hamster, and for mouse to hamster the chance is 48%.
Ultimately, one wants to know whether chemicals that have been shown to be carcinogenic in experimental animals are also carcinogenic in humans. This question cannot be answered by reversing the question (i.e., by asking whether chemicals that are human carcinogens are also carcinogenic in a rodent species) because even if most human carcinogens are rodent carcinogens, the converse does not necessarily follow, as can be demonstrated by a simple probabilistic argument (11) . However, some additional evidence about interspecies extrapolation can be obtained by asking how good a model the human is for the rat or the mouse, even though this will not provide direct evidence about how good a model the rat or mouse is for the human. The evaluations of the IARC list 53 known human carcinogens including industrial processes, therapeutic combinations, single chemicals, and mixtures such as tobacco smoke (6, 7, 12) . For 33 of these, data in experimental animals have been evaluated by IARC (12) . The CPDB includes only results of experiments on single chemicals, administered by routes expected to result in whole body exposure, that meet specified experimental-design criteria (described in "Methods"). A search of the CPDB indicates that results are included for 16 human carcinogens tested in rats, and for 13 tested in mice. Using only these CPDB results, the overall predictive value from humans to rats is 75% (12/16) and from humans to mice is 77% (10/13). For some human carcinogens with only negative results in the CPDB, positive results have been obtained in experiments not meeting CPDB inclusion criteria (7).* Prediction based on target organ is 44% (7/16) from humans to rats and 31% (4/13) from humans to mice. Thus, the overall predictive values are similar to those reported above between rats and mice for the CPDB; the value for target organ is slightly lower for mice.
Based on this experimental evidence from the CPDB involving prediction from rats to mice, from rats or mice to hamsters, and from humans to rats or mice, we conclude that one cannot assume that if a chemical induces tumors at a given site in one species it will also induce tumors at the same site in a second species; the likelihood is at most 52%.
